ABSTRACT The mode-adaptive droop control (MADC) strategy enables bus voltage regulation and power sharing between the distributed energy resources (DERs) in the direct current (dc) microgrid without communication systems. The conventional MADC strategy may fail to provide acceptable voltage regulation and power sharing performance in large dc microgrids where the voltage drops across the dc lines are not negligible. This paper proposes an improved MADC strategy for the dc microgrid. The proposed control strategy minimizes the adverse effects of the aforementioned voltage drops on the bus voltage regulation and the power sharing between the DERs in the dc microgrid. The performance of the proposed control strategy is investigated under various operating conditions and disturbance scenarios, using a detailed and realistic dc microgrid study system that is modeled in the PSCAD/EMTDC software environment. The study results indicate that the proposed control strategy: 1) effectively maintains the power balance in the dc microgrid; 2) accurately regulates the dc bus voltages under various operating conditions; 3) improves power sharing between the DERs without using communication systems; 4) significantly reduces the circulating currents between the DERs in the islanded microgrid; and 5) enhances the dc microgrid reliability, flexibility, modularity, and scalability.
I. INTRODUCTION
The microgrid technology facilitates the grid integration of distributed energy resources (DERs) in power systems, reduces the energy loss, and provides reliable and highquality electrical energy to consumers [1] - [3] . The direct current (DC) microgrid offers significant potential advantages over its alternating current (AC) counterpart. These advantages include (i) lower investment cost and power conversion losses due to elimination of unnecessary AC/DC converters, (ii) lower cable losses due to absence of skin effect, (iii) higher reliability and resilience to utility-side disturbances, and (iv) elimination of the need for frequency, phase, and reactive power controllers [4] , [5] . The DC microgrid requires an effective control strategy to enable power sharing among its DERs, limit bus voltage deviations, maintain its stability, and provide an acceptable dynamic response communication systems are more suitable for application in some of the emerging DC microgrids with multiple geographically dispersed DERs. The non-communication based category includes conventional droop control [20] - [22] , improved droop control [23] - [26] , DC bus signaling (DBS) [27] - [37] , and mode-adaptive droop control (MADC) [38] - [43] strategies.
A conventional droop-controlled DER utilizes a fixed droop gain for the entire range of the DC-terminal voltage. Thus, the values of the droop gains significantly affect the microgrid stability, voltage regulation, and power sharing accuracy. A small gain results in more accurate voltage regulation and less accurate power sharing among the DERs, and vice versa [20] - [22] . To resolve these issues, a variety of improved droop control strategies have been proposed. The nonlinear droop controller of [23] improves the power sharing performance but adds complexity and nonlinearity to the control system. The adaptive droop control strategy of [24] - [26] reduces the circulating currents and the power sharing mismatch among the DERs. However, it is sensitive to the line parameters and also becomes complex as the number of DERs increases.
The DBS and MADC strategies offer considerable performance improvement by using control characteristics that adapt to the microgrid operating conditions. Both of these decentralized control strategies operate using locally measured bus voltages.
The DBS control strategy [27] - [37] utilizes multiple predefined DC voltage ranges to determine the operation modes of the DERs and the grid-tied converter (GTC). The operation mode of each component changes instantaneously whenever the corresponding bus voltage enters any of the aforementioned ranges. In [44] , a detailed review of the existing DBS control strategies is provided and a versatile DBS control strategy is introduced. The main shortcoming of the DBS control strategy is the fact that it utilizes nonoverlapping operating voltage ranges to achieve coordinated control of the renewable energy sources (RESs), the battery energy storage systems (BESSs), and the GTC. This may cause unnecessary curtailment of the renewable energy generation and reduced energy storage by the BESSs, under specific operating conditions, as demonstrated in Section IV of this paper.
The MADC strategy utilizes a hysteresis characteristic to switch between voltage control by the RESs and the BESSs in the islanded microgrid, depending on the bus voltage variations [38] - [43] . The conventional MADC strategy is designed based on the assumption that all DERs measure equal bus voltages, neglecting the voltage drops caused by the line resistances. This is not always a valid assumption. Thus, the conventional MADC strategy may fail to provide acceptable coordination between the voltage controlling components in the islanded DC microgrid, as demonstrated and discussed in Section IV. This issue degrades the power sharing and voltage regulation in the DC microgrid. This paper proposes an improved MADC strategy that minimizes the adverse effects of unequal bus voltages on the coordinated participation of the DERs in regulating bus voltages and maintaining the power balance in the DC microgrid. The proposed control strategy does not require communication systems. The performance of the proposed MADC strategy is comprehensively investigated using a detailed and realistic DC microgrid study system. The study system includes multiple DERs that are dispersed across nonideal feeders, i.e., feeders with considerable resistances. The study results highlight the shortcomings of the conventional MADC strategy and also indicate that the proposed improved MADC strategy:
• effectively maintains the power balance in the microgrid under large disturbances.
• accurately regulates the DC bus voltages under various operating conditions.
• improves power sharing among the DERs.
• improves the DC microgrid stability and dynamic response to disturbances.
• enhances the DC microgrid reliability, flexibility, modularity, and scalability.
II. CONVENTIONAL MADC STRATEGY
In the conventional MADC strategy, the GTC regulates the bus voltages of the grid-connected DC microgrid. The bus voltage regulation in the islanded DC microgrid is performed by the DERs, i.e., the RESs and the BESSs, since the GTC is unable to exchange power with the AC grid. Thus, each DER in the islanded DC microgrid operates in one of the following two modes [38] , [39] .
• Mode I: In this operation mode, the BESSs regulate the DC bus voltages using their droop characteristics, while the RESs utilize their MPPT controllers to maximize the harvested energy.
• Mode II: This mode is activated when the BESSs are unable to prevent excessive over-voltages by absorbing their maximum powers. Hence, the power balance is maintained and the bus voltages are regulated by curtailing the power outputs of the RESs using droop characteristics.
The operation mode of each DER is determined depending on its DC bus voltage, using the hysteresis characteristic of Fig. 1 . When the voltage falls below the predefined threshold V th1 , the operation mode is switched to Mode I, and when the voltage exceeds the threshold V th2 , the DER operation mode is switched to Mode II [38] , [39] . In an ideal DC microgrid, the DC voltages seen by all DERs are almost equal. In such a system, depending on the MADC mode, either all BESSs or all RESs participate in regulating the bus voltages.
In a practical DC microgrid, where the voltage drops across the feeders may cause the bus voltages to be considerably different, some of the DERs may fail to switch to the appropriate operation mode when it is necessary. This takes place when a relatively large DER switches to the voltage regulation mode, i.e., Mode I for the BESSs and Mode II for the RESs, before the other DERs do so. The resulting improvement in the voltage profile of the microgrid may prevent some other DERs from performing the appropriate mode change, as shown in Section IV. This issue may lead to unacceptable power sharing performance and poor dynamic response to disturbances.
III. IMPROVED MADC STRATEGY
In this section, an improved MADC strategy is proposed to address the mode switching issues of the conventional MADC strategy. The aforementioned improvement is made using an adaptive mode switching algorithm and appropriate DER control systems.
A. ADAPTIVE MODE SWITCHING ALGORITHM
The main idea is to delay all mode change actions such that none of the BESSs (RESs) attempts to change its operation mode in response to a voltage disturbance, before all other BESSs (RESs) detect the disturbance. The delay must be sufficiently large to ensure that all bus voltages will reach the mode change threshold, before the first DER changes its operation mode. The delay must also be sufficiently small to ensure that all of the bus voltages remain within the acceptable range. Thus, the adaptive time delay of (1), which depends on the rate of change of voltage (ROCOV), is utilized to satisfy the aforementioned constraints.
The parameter V = min ((V max − V th2 ), (V th1 − V min )) represents the voltage change caused by the delayed mode switching, before the voltage reaches its upper limit V max or lower limit V min . The maximum and minimum values of the adaptive time delay T delay are denoted by T max and T min , respectively. The constants k 1 = V /T max and k 2 = V /T min are the values of the ROCOV at which the T delay reaches the aforementioned maximum and minimum values, respectively. Under large disturbances, where the ROCOV is significant, the T delay becomes shorter and allows faster mode switching to limit the voltage deviation. Under small disturbances, where the ROCOV is insignificant, the T delay becomes longer and enables mode switching of all DERs. Fig. 2 shows the variations of the adaptive time delay T delay with respect to the ROCOV. Fig. 3 shows the mode switching characteristics of the improved MADC strategy.
The parameters of the proposed MADC strategy, i.e., V min , V max , V th1 , V th2 , T min , and T max should be selected carefully. The values of the upper and lower voltage limits V max and V min are assumed to be 1.1 p.u. and 0.9 p.u., respectively. Adopting a much larger V max or a much smaller V min may cause power quality issues (excessive over-voltage or undervoltage conditions). The voltage thresholds V th1 and V th2 affect the adaptive mode changing performance. Choosing voltage thresholds that are too close to the aforementioned voltage limits leads to a small voltage margin V in (1), and disables the adaptive adjustment of the mode changing time delay. On the other hand, using voltage thresholds that are too close to 1 p.u. should be avoided, since sensor inaccuracy and voltage ripples could cause oscillatory behavior [38] , [39] . Under normal operating conditions, the bus voltage deviations caused by voltage drop across the lines can be as high as ±0.05 per-unit. Thus, choosing voltage thresholds in the ranges of V min ≤ V th1 ≤ 0.95 p.u. and 1.05 p.u. ≤ V th2 ≤ V max is recommended. In microgrids with short lines, where the line voltage drops are lower than 0.05 p.u., values closer to 1 p.u. can be chosen for the voltage thresholds. The time delays T min , and T max are determined such that reliable mode changing performance is achieved without causing excessively long delays in voltage regulation. The block diagram of the proposed adaptive mode switching algorithm is shown in Fig. 5 . The hysteresis block in Fig. 5 represents the conventional mode switching algorithm and generates a mode signal that can be either I or II. The timer is enabled to count whenever the output of the hysteresis block is not the same as the current operation mode. The comparator output becomes high as soon as the timer output exceeds the adaptive delay of (1), and thereby allows the Sample-and-Hold (S/H) block to refresh its output and perform the mode switching. As shown in Fig. 5 , a fourthorder Butterworth low-pass filter with the cut-off frequency of 500 Hz is applied to the voltage signal to reduce the adverse effects of noise and switching ripples.
B. DER CONTROL SYSTEMS
This sub-section introduces the DER control systems utilized by the proposed improved MADC strategy.
1) WT CONTROL
The control system of the permanent magnet synchronous generator (PMSG)-type wind turbine (WT) considered in this paper includes a pitch angle controller and the voltage source converter (VSC) controller. The former limits the aerodynamic torque and keeps the turbine speed in a limited range. The latter is based on the vector control method in the dq reference frame. Depending on the MADC mode, the VSC controls the PMSG active power to achieve MPPT or to regulate the DC voltage. The VSC also controls the reactive power to regulate the stator terminal voltage [41] , [44] . The WT control system is shown in Fig. 6 , where V * ref and R d are the DC bus voltage reference and the droop gain, respectively.
2) PV CONTROL
Each photovoltaic (PV) generation unit either generates its maximum power using an MPPT controller or regulates the DC bus voltage, depending on the MADC mode. A general perturbation and observation MPPT method is implemented for the PV system [41] , [44] . The control block diagram of the PV system is shown in Fig. 7 .
3) BESS CONTROL
Each BESS either operates in the charging mode or participates in regulating the DC bus voltage, depending on the MADC mode. A BESS must operate within a range of voltage and state-of-charge (SOC) set-values to protect and maximize the lifetime of its elements [41] , [44] . The control block diagram of each BESS is shown in Fig. 8 .
The stability of the DC microgrid and its dynamic response to disturbances depend on the parameters of the proportionalintegral (PI) controllers shown in Figs. 7-8. These controllers can be optimally tuned using model-based methods [45] as well as meta-heuristic algorithms [46] , [47] . As shown in Figs. 6-8, the control mode change is performed by switching between the outputs of different PI controllers. The mode switching action may cause a sudden change in the controller output signal, if the outputs of the two PI controllers are not equal at the switching time instant. Smooth mode switching can be achieved by automatically setting the initial conditions of the inactive PI controller (the one that becomes active after mode switching) in accordance with the output value of the active controller, at the moment of controller switching [43] .
IV. STUDY RESULTS
This section investigates and compares the performance of the proposed improved MADC strategy with those of the conventional MADC strategy and the DBS control strategy. Comprehensive time-domain simulation studies are conducted in the PSCAD software using a detailed model of a realistic DC microgrid study system. The study system of Fig. 9 , [44] , is developed by converting the IEEE 37-node AC test system [48] to DC and enabling it to operate as a microgrid. The operating DC voltage is chosen to be ±750 V to comply with the guidelines of the IEC60038 standard for low-voltage DC systems [49] .
The ±750 V DC microgrid includes a 1 MW PMSG-type WT connected to node 709, two 0.5 MW PV generation systems connected to nodes 712 and 722, and two 0.4 MW BESSs connected to nodes 705 and 707. A 2 MW GTC interfaces the DC microgrid with the AC grid through a 0.75kV/4.8kV transformer at node 701. All converters are represented in detail using switching models. The parameters of the study system, and the coefficients of the PI controllers of the DERs are provided in the Appendix.
In the following sub-sections, the performances of the conventional and improved MADC strategies are investigated and compared with each other under various disturbances that cause different levels of power imbalance in the DC microgrid study system of Fig. 9 . The DER terminal (DC bus) voltages and output powers are reported in per-unit, to enable comparison and easier analysis of the study results.
The base values for the DER powers and the bus voltages are the corresponding power ratings and the rated line-to-ground voltage of 750 V, respectively.
The parameters of the improved MADC strategy are V th1 = 0.93 p.u., V th2 = 1.07 p.u., V min = 0.9 p.u., V max = 1.1 p.u., T min = 0.01 s, and T max = 1 s. These values are determined based on the results of comprehensive simulation studies, to achieve the best performance.
A. CASE STUDY 1
The first case study investigates an unscheduled islanding scenario that leads to a large power surplus in the microgrid. Figs. 10 and 11 illustrate the performances of the conventional and improved MADC strategies, respectively. At t < 0.5 s, the microgrid is grid-connected, and the DER bus voltages are regulated by the GTC at values approximately between 1.02 p.u. and 1.05 p.u. All RESs operate in MPPT and generate 1 p.u. power, while the total power demand of the loads is 0.4 MW. Both BESSs operate in the charging mode and draw 1 p.u. power from the DC microgrid. As the total power generated by the RESs is larger than the total power demand in the DC microgrid, the GTC exports 0.75 MW to the AC grid. At t = 0.5 s, the DC microgrid is islanded and the GTC power exchange with the AC grid becomes zero. Due to the resulting power surplus in the microgrid, all bus voltages start to rise at an almost equal rate. Therefore, all DERs are expected to switch to the Mode II described in Section II. This means, the BESSs must draw their maximum charging currents and the RESs must curtail their output powers in order to maintain the power balance in the microgrid and regulate the bus voltages.
As shown in Fig. 10 , with the conventional MADC strategy, the WT changes its operation mode to Mode II as soon as its bus voltage reaches V th2 at t = 0.508 s. Consequently, the WT reduces its output power to 0.2 p.u. and regulates the DER bus voltages at about 1.06 p.u. The two PV generation systems PV1 and PV2 fail to switch to the voltage control mode since their bus voltages do not reach the mode changing threshold V th2 . These results demonstrate that, when the conventional MADC strategy is implemented in a realistic DC microgrid, the faster reaction of a relatively large DER to a disturbance can desensitize some other DERs to that disturbance and prevent them from switching to the appropriate mode. This issue adversely affects the power sharing among the DERs, because the desensitized DERs, i.e., PV1 and PV2, do not participate in maintaining the power balance, as shown in Fig. 10 (b) . This issue also leads to poor bus voltage regulation, as shown in Fig. 10(a) at t > 0.6 s, because the only voltage regulating component is the WT, i.e., PVs 1 and 2 do not participate in voltage regulation. Fig. 11 shows that the proposed improved MADC strategy enables all RESs, i.e., the WT, the PV1, and the PV2, to switch to Mode II and participate in the voltage regulation. Consequently, all of the RESs reduce their output powers and regulate the DER bus voltages at values between 1.02 p.u. and 1.04 p.u. Fig. 11(b) shows that the proposed improved MADC does not achieve ideal power sharing, i.e., the output powers of the three RESs are not exactly equal. However, this issue is a limitation of non-communication-based control strategies, and is caused by unequal bus voltages in a realistic microgrid. Achieving ideal power sharing would require costly communication systems. Besides, the power sharing performance of the proposed MADC strategy is considerably better than that of the conventional MADC strategy. Fig. 11 (a) also shows that the proposed MADC strategy causes a slightly larger temporary voltage deviation before the mode switching takes place, i.e., at 0.51 s < t < 0.52 s, as compared with the conventional MADC strategy of Fig. 10(a) . This is due to the additional adaptive mode switching delay that is utilized to prevent the mode switching failure issue illustrated in Fig. 10(b) . Allowing the bus voltages to continue to rise/fall for a short time period T delay enables all DERs to detect the voltage variations and perform reliable mode switching. The utilized adaptive delay is determined by (1) such that the bus voltages do not reach the corresponding lower and upper limits which are assumed to be 0.9 p.u. and 1.1 p.u, respectively.
B. CASE STUDY 2
The second case study investigates the islanding scenario of Part A, but with different initial conditions. The main difference is that the total power demand of the loads in the grid-connected microgrid is increased to 0.85 MW. Hence, before islanding, the GTC exports 0.3 MW to the AC grid.
When the DC microgrid becomes islanded at t = 0.5 s, the power surplus in the microgrid is only 0.3 MW. The bus voltages rise at a rate that is lower than that of the Case Study 1. This case study mainly aims to demonstrate the necessity of utilizing a mode switching delay that is not fixed. Figs. 12 and 13 illustrate the performances of the conventional and improved MADC strategies, respectively.
As shown in Fig. 12 , similar to the Case Study 1, the conventional MADC strategy fails to provide acceptable mode switching performance in this case. Only the WT changes its operation mode to voltage control, while the other RESs (the PV1 and the PV2) remain in Mode I, that is the MPPT mode. Due to the small power surplus, the WT is able to restore the power balance in the islanded DC microgrid and regulate all DER bus voltages at values between 1.01 p.u. and 1.03 p.u. However, the PV1 and the PV2 fail to participate in the voltage regulation, similar to the Case Study 1. This failure, which is illustrated in Figs. 10(b) and 12(b) , forces the WT to curtail a larger portion of its output power. Fig. 13 shows that, by utilizing a larger time delay due to the low ROCOV, the proposed improved MADC strategy enables all three RESs to detect the disturbance, switch to Mode II, and participate in the voltage regulation. Consequently, all RESs reduce their output powers and thereby regulate the DER bus voltages at values between 1.0 p.u. and 1.02 p.u. As expected, the BESSs continue to operate in the charging mode before and after the disturbance. Fig. 13 shows that the performance of the improved MADC strategy is slightly better than that of the conventional MADC strategy, in terms of bus voltage regulation and power sharing among the RESs. This is due to the small VOLUME 7, 2019 power imbalance of 0.3 MW in the DC microgrid, which does not cause significant voltage deviations or large power curtailment by the RESs. The performance improvement is more significant when the power imbalance caused by the disturbance is large, e.g., Case Study 1.
The Case studies 1 and 2 highlight two important points. First, the conventional MADC strategy may fail to coordinate the mode switching actions of the RESs under both low and high rates of voltage rise. Second, the adaptive delay utilized by the proposed improved MADC strategy enables reliable and coordinated mode switching by all RESs, regardless of how fast the bus voltages change.
C. CASE STUDY 3
The third case study investigates and compares the performances of the conventional and improved MADC strategies during an islanding scenario that leads to a power deficit in the DC microgrid. Before t = 0.5 s, the microgrid is gridconnected, and the DER bus voltages are between 0.97 p.u. and 1.02 p.u. The WT, PV1, and PV2 operate in MPPT and generate 1, 0.5, and 0.5 p.u. power, respectively, while the total power demand of the loads is 1.25 MW. Both BESSs operate in the charging mode and draw 1 p.u. power. As the total power demand in the grid-connected microgrid is larger than the power generated by the RESs, the GTC imports 0.6 MW from the AC grid.
At t = 0.5 s, the microgrid is islanded. Due to the resulting 0.6 MW power deficit in the microgrid, all bus voltages start to fall at an almost equal rate. In this case study, all DERs are expected to switch to Mode I after islanding. Thus, after the islanding, the RESs are expected to continue to operate in MPPT and the BESSs are expected to adjust their power outputs in order to maintain the power balance and regulate the bus voltages.
As shown in Fig. 14 , with the conventional MADC strategy, only the BESS2 changes its operation mode to voltage control, due to its lower bus voltage. Thus, the DER bus voltages are regulated by the BESS2 at values between 0.96 p.u. and 0.98 p.u., while the BESS1 fails to perform the necessary mode switching and does not participate in the voltage regulation. In this case, the BESS1 is being charged in part by the BESS2, which increases the energy loss in the microgrid and causes faster discharge of the BESS2. The results of Fig. 14 indicate that the shortcomings of the conventional MADC strategy also apply to the mode switching performances of the BESSs. Fig. 15 shows that the proposed improved MADC strategy enables both BESSs to participate in the voltage regulation and provide acceptable power sharing performance.
Although the improvement in terms of reducing the voltage deviations is less significant in this specific case study, the fact that the BESSs perform desirable power sharing and do not cause circulating currents is a significant improvement.
D. CASE STUDY 4
The fourth case study investigates two successive disturbances with opposite effects in terms of the power balance in the microgrid. The first disturbance is an islanding scenario that leads to a power deficit in the microgrid. The second disturbance is a load disconnection that causes a power surplus. Figs. 16 and 17 illustrate the performances of the conventional and improved MADC strategies, respectively. Before t = 0.5 s, the microgrid is grid-connected, and the DER bus voltages are regulated by the GTC at about 1 p.u. The WT, the PV1, and the PV2 operate in MPPT and generate 0.5, 1, and 1 p.u. power, respectively, while the total power demand of the loads is 0.97 MW. Both BESSs operate in the charging mode and draw 1 p.u. power from the microgrid. As the total power demand in the grid-connected microgrid is larger than the power generated by the RESs, the GTC imports 0.3 MW from the AC grid. At t = 0.5 s, the microgrid is islanded and the GTC power exchange with the AC grid becomes zero. Due to the resulting power deficit in the microgrid, all bus voltages start to fall at an almost equal rate. Therefore, after the islanding, all of the DERs are expected to switch to Mode I. In other words, the RESs are expected to continue to operate in MPPT and the BESSs are expected to adjust their power outputs in order to maintain the power balance and regulate the bus voltages.
At t = 1 s, the circuit breaker at node 709 is tripped, which decreases the total power demand of the loads to 0.68 MW. Due to the resulting power surplus in the microgrid, all bus voltages start to rise. Therefore, all DERs are expected to switch to Mode II described in Section II. This means the BESSs must draw their maximum charging currents and the RESs must curtail their output powers in order to maintain the power balance and regulate the bus voltages.
As shown in Fig. 16 , after the islanding, the conventional MADC strategy enables both BESSs to change their operation modes to Mode I. The BESS1 and the BESS2 reduce their absorbed powers from 1 p.u. to 0.6 p.u. and 0.64 p.u., respectively, and regulate the DER bus voltages at values between 1.04 p.u. and 1.047 p.u. However, after the load disturbance (at t > 1 s), only the WT changes its operation mode to Mode II. The WT reduces its output power from 0.5 p.u. to 0.27 p.u. and regulates the DER bus voltages at values between 1.046 p.u. and 1.053 p.u. After the load disturbance, the PVs and the BESSs fail to switch to Mode II, because their bus voltages do not reach the mode changing threshold V th2 . This issue adversely affects the power sharing between the DERs, because the PVs do not participate in maintaining the power balance, as shown in Fig. 16 (b) . The study results shown in Fig. 16 also indicate that the conventional MADC strategy leads to unnecessary curtailment of the renewable energy generated by the WT, since the batteries could absorb a larger amount of power (at t > 1 s). Fig. 17 shows that, before the load disturbance is applied at t = 1 s, the proposed improved MADC strategy operates similar to the conventional MADC strategy (both satisfactory). However, after the load disturbance, the former provides a much more acceptable performance by enabling all DERs to switch their operation modes to Mode II. Using the proposed control strategy, in response to the power surplus at t > 1 s, both BESSs draw their maximum charging currents and all RESs participate in regulating the bus voltages by adjusting their output powers. The Case study 4 highlights the capability of the proposed control strategy in maintaining the power balance in the microgrid, facilitating power sharing among the DERs, and maximizing the generated renewable energy, under successive disturbances that may have opposite effects. Table 1 compares the mode switching performances of the conventional and improved MADC strategies under the Case Studies 1-4.
E. CASE STUDY 5
The fifth case study investigates and compares the performances of the proposed MADC strategy and the DBS control strategy of [44] under the same load disturbance, i.e., Case Study 1 of [44] . The total power demand by the loads is reduced and the grid-connected DC microgrid has to handle the resulting large power surplus.
As shown in Fig. 18 , with the DBS control strategy, before t = 1 s, the grid-connected DC microgrid is in steady-state, and the DER terminal voltages are between 1.01 and 1.045 p.u. The WT, PV1 and PV2 operate in MPPT mode and generate 1, 0.5 and 0.5 MW power, respectively, while the total power demand is 1.31 MW. The BESS1 and BESS2 draw 0.04 and 0.1 MW power, respectively, and the GTC exports 0.47 MW power to the AC grid in order to maintain the power balance. At t = 1 s, the total power demand is reduced to 0.69 MW, which leads to voltage rise in the entire DC microgrid, as shown in Fig. 18 (a) . The GTC and the BESSs start to absorb larger amounts of power from the DC microgrid to maintain the power balance and limit the voltage rise. At t = 1.5 s, the total power demand is further reduced to 0.05 MW (almost no load), which causes the DER voltages to rise again. The GTC reaches its power limit by exporting 1 MW to the AC grid. Thus, the power balance is achieved by increasing the powers drawn by the BESSs and decreasing the power generated by the WT.
As shown in Fig. 18 , the DBS control strategy effectively regulates the DC bus voltages and provides acceptable transient response under the maximum power surplus in the grid-connected microgrid. The main shortcoming of the DBS control strategy in this case study is the fact that it causes unnecessary curtailment of the renewable power generation (Fig. 18 (b) ) and reduced energy storage by the BESSs (Fig. 18 (c) ) that are expected to remain in the full-power charging mode in the grid-connected DC microgrid. The DC microgrid power balance could be restored by increasing the charging currents of the BESSs, without curtailing the WT output power.
As shown in Fig. 19 , with the proposed MADC strategy, before t = 1 s, the grid-connected DC microgrid is in steadystate, and the DER terminal voltages are between 1 and 1.025 p.u. The WT, PV1 and PV2 operate in MPPT mode and generate 1, 0.5 and 0.5 MW power, respectively, while the total power demand is 1.31 MW. Both BESSs draw their maximum power, i.e. 0.4 MW, and the GTC imports 0.13 MW power from the AC grid.
At t = 1 s, the total power demand is reduced to 0.69 MW, which leads to voltage rise in the entire DC microgrid, as shown in Fig. 19 (a) . The GTC exports 0.48 MW power to the AC grid to maintain the power balance and limit the voltage rise. Therefore, the DER terminal voltages are regulated at values between 1 p.u. and 1.043 p.u. At t = 1.5 s, the total power demand is further reduced to 0.05 MW (almost no load), which causes the DER voltages to rise again. The GTC maintains the power balance by exporting 1.1 MW power to the AC grid. Therefore, the DER terminal voltages are regulated at values between 1 p.u. and 1.06 p.u.
As shown in Fig. 19 , the proposed MADC strategy effectively regulates the DC bus voltages without unnecessarily curtailing the renewable power generation. Moreover, all RESs and BESSs operate in the intended modes, i.e. MPPT and charging, respectively, while the GTC regulates the bus voltages of the grid-connected DC microgrid.
V. CONCLUSION
In an islanded DC microgrid that operates based on the conventional MADC strategy, the DERs are responsible for bus voltage regulation. In a realistic DC microgrid, the DERs may fail to perform the necessary mode switching actions due to the unequal bus voltages. The study results presented in this paper indicate that the aforementioned issue may adversely affect the power sharing between the DERs and cause poor voltage regulation in the microgrid. An improved MADC strategy using an adaptive mode switching delay is proposed for reliable and coordinated mode switching by the DERs in the DC microgrid. The results of comprehensive studies conducted on a detailed and realistic study system indicate that:
• the proposed improved MADC strategy effectively regulates the DC bus voltages under various operating conditions, by properly switching the operation modes of the DERs;
• the proposed MADC strategy improves power sharing among the DERs and significantly reduces the circulating currents between the BESSs;
• the adaptive mode switching delay enables reliable and coordinated operation of the DERs controlled based on the MADC strategy, regardless of how fast the bus voltages change in response to disturbances.
VI. FUTURE WORK
The expected future work that can complement this research includes hardware implementation of the proposed improved MADC strategy and testing it in a real DC microgrid platform. The proposed improved MADC strategy can be also utilized in hybrid microgrids. Its effectiveness in coordinated control of the DERs and loads in a hybrid microgrid will be investigated in future studies.
APPENDIX
The parameters of the DC microgrid study system of Fig. 9 [44] , and the coefficients of the PI controllers of the DERs, are provided in this appendix. Table 2 provides the ratings and parameters of the converters utilized in the DC microgrid. Four different types, i.e., sizes, of the 1 kV single-core XLPE cable [50] are used in the study system, depending on the ampacity of each feeder section to ensure the power loss and voltage drop of each line segment is below the permitted limits. The positive and negative polarity underground cables are assumed to be buried 1 m deep, with a horizontal separation of 0.5 m. Table 3 shows the perunit-length parameters of each cable type. Fig. 20 shows the general configuration of the underground cable, which applies to all four types. Table 4 shows the dimensions of each cable type. Table 5 provides the coefficients and output limits of the PI controllers shown in Figs. 6-8.
